Abstract The super-relaxed (SRX) state of myosin was only recently reported in striated muscle. It is characterised by a subpopulation of myosin heads with a highly inhibited rate of ATP turnover. Myosin heads in the SRX state are bound to each other along the thick filament core producing a highly ordered arrangement. Upon activation, these heads project into the interfilament space where they can bind to the actin filaments. Thus far, the population and lifetimes of myosin heads in the SRX state have been characterised in rabbit cardiac, and fast and slow skeletal muscle, as well as in the skeletal muscle of the tarantula. These studies suggest that the role of SRX in cardiac and skeletal muscle regulation is tailored to their specific functions. In skeletal muscle, the SRX modulates the resting metabolic rate. Cardiac SRX represents a "reserve" of inactive myosin heads that may protect the heart during times of stress, e.g. hypoxia and ischaemia. These heads may also be called up when there is a sustained demand for increased power. The SRX in cardiac muscle provides a potential target for novel therapies.
Introduction
Striated muscle contraction is driven by the interaction between the motor protein myosin and its major binding partner, actin (Huxley and Niedergerke 1954; Huxley and Hanson 1954) . In the active state, the two globular heads of myosin undergo transient, non-processive interactions with actin resulting in a shortening of the sarcomeres. Relaxation has recently been shown to exist in a disordered relaxed state and an ordered relaxed or super-relaxed (SRX) state. In the disordered relaxed state, the myosin heads protrude into the interfilament space towards the actin filament (Wilson et al. 2014 ), but they are blocked or restricted from binding to actin by the thin filament regulatory proteins (the troponin-tropomyosin complex). The SRX state has a highly ordered arrangement of myosin heads, which interact with each other along the axis of the thick filament (Fig. 1a) . These head-tohead interactions increase the lifetime of ATP turnover from less than 30 s per myosin head in the disordered relaxed state to over 100 s in the SRX state ( Fig. 2) (Cooke 2011) .
What is the super-relaxed state of myosin?
SRX was first discovered in rabbit skeletal muscle, and has since been identified in rabbit cardiac and tarantula skeletal muscle (Hooijman et al. 2011; Naber et al. 2011b; Stewart et al. 2010) . These striated muscle types have distinct SRX populations and lifetimes, described below. A recent report suggests that the SRX state also exists in human cardiac muscle (McNamara et al. 2014) .
The metabolic rate of ATP use by purified frog myosin in solution was five-fold greater than the rate observed in living frog muscle (Ferenczi et al. 1978; Kushmerick and Paul 1976) . This effect was also observed in rabbit skeletal muscle (Gutierrez et al. 1989; Myburgh et al. 1995) . The discovery of the SRX state of myosin accounted for this 30-year-old discrepancy.
The SRX state of myosin was discovered through a simple experiment. It took advantage of the known kinetics of the cross-bridge cycle and a fluorescent nucleotide, 2′-/3′-O-(N'-methylanthranioyl) adenosine triphosphate (MANT-ATP) that significantly changes its emission intensity when bound to myosin. MANT-ATP is an analogue of ATP that binds strongly to myosin but with a 2.5-fold increase in fluorescence emission. This increase in fluorescence is lost upon dissociation from myosin. These instantaneous changes in fluorescence enables the binding and dissociation of MANT-ATP to be measured, thus making it a useful probe of myosin ATPase kinetics (Cremo et al. 1990; Woodward et al. 1991) . Confocal microscopy has also shown that MANT-ATP localises to the A-band of muscle fibres (Hooijman et al. 2011; Stewart et al. 2010) .
The skeletal muscle experiment used rabbit psoas and soleus muscles that had been chemically skinned through glycerination. By disrupting the cell membrane, the skinning process permeabilises the fibre. This allows the experimenter to control exogenous Mg-ATP concentration while removing a portion of membrane bound ATPases such as channels and pumps (Wood et al. 1975) . Single fibres were immobilised in a flow chamber, allowing the fast exchange of solutes in the fibre (Stewart et al. 2010) .
Skeletal muscle fibres were initially incubated in a relaxing solution containing 250 μM MANT-ATP. This solution was then rapidly exchanged with a relaxing solution containing 4 mM unlabelled ATP resulting in a decrease in fluorescence intensity as the hydrolysed MANT-nucleotides were exchanged for ATP (Fig. 3 , red symbols) (Stewart et al. 2010) . Fig. 1 a The three states of myosin in striated muscle: active, disordered relaxed and super-relaxed. Active myosin produces force by pulling the actin filaments (red) towards the M-line of the sarcomere. Relaxed myosin in the disordered state protrudes into the interfilament space but is restricted from binding to actin by the thin filament regulatory proteins whilst myosin in the super-relaxed (SRX) state is bound on or close to the thick filament. This results in an ATP turnover lifetime that is at least 5-fold longer in SRX myosin than disordered myosin. b An atomic model of relaxed myosin heads bound to the thick filament core. In the SRX state the blocked (green) and free (red) myosin heads interact with each other forming the J-like structure of the interacting heads motif. These heads may also bind to the thick filament core (grey). (b) reproduced with permission from Craig and Woodhead (2006) Fig. 2 The three states of myosin in striated muscle. Active myosin has a rapid ATP turnover lifetime of under 1 s, while disordered relaxed myosin is generally less than 30 s. Activation of these myosin heads may occur through calcium binding to the thin filament regulatory proteins. The super-relaxed myosin has a highly inhibited ATP turnover time i.e. longer than 100 s. Phosphorylation of the thick filament proteins cMyBP-C and RLC may facilitate the transfer of myosin heads out of this state. Modified from Cooke (2011) The reverse experiment (Fig. 3 , blue symbols) mirrors these results where the rate of intensity increases. This decay in fluorescence intensity, I, was fitted to a double exponential decay equation:
Þ P 1 and P 2 describe the proportion of fibre fluorescence attributed to each of the two exponential components. T 1 and T 2 represent their respective fluorescence lifetimes. These define the rate of ATP turnover per myosin head in each state, equivalent to 1/lifetime. P 1 and T 1 describe the fast decay of fluorescence intensity within the first~30 s, while P 2 and T 2 describe the slow decrease in fluorescence over~600 s, as shown in Fig. 3 . The rapid phase comprises multiple elements including:
(1) The release of hydrolysed MANT-ATP by myosin in the disordered relaxed state. In rabbit skeletal myosin one ATP is hydrolysed every 6 s per myosin head (Myburgh et al. 1995) ; (2) The diffusion of unbound MANT-ATP out of the fibre, which takes about 10 s (Cooke and Pate 1985) ; and (3) The fast release of non-specifically bound MANTnucleotides.
The slow phase, with a lifetime of~230 s, was shown to be the slow release of nucleotides from the population of SRX myosin in the relaxed muscle fibre. Hence, the SRX state of myosin was found to have an ATP turnover lifetime more than 10-fold longer than purified myosin from skeletal muscle (Myburgh et al. 1995) . The slow release of nucleotides was the result of myosin heads in the SRX state. This was confirmed through a number of additional experiments, the first of which involved incubating the fibre with 250 μM MANT-ATP and a saturating concentration of 4 mM ATP that was chased with 4 mM ATP. At this saturating concentration, the majority of myosin heads bind ATP rather than MANT-ATP. This resulted in the elimination of the slow decay of fluorescence intensity, indicating that the SRX state arises from specific binding of nucleotides within the muscle fibres.
Additionally, the slow decay of fluorescence intensity associated with the SRX state was not observed when the fibre was chased with 4 mM ADP, indicating that the SRX is only observed in relaxed skeletal muscle fibres. This observation led to the hypothesis that myosin heads in the SRX state may be rapidly recruited into the disordered state via cooperative activation of the thick filament (Cooke 2011; Stewart et al. 2010) . A simple, but unproven explanation for this mechanism is that the binding of a myosin head to actin disrupts adjacent myosin heads, thus bringing them out of the SRX (Moss and Fitzsimons 2010) . Another mechanism for activation has been proposed from structural studies of tarantula thick filaments (Brito et al. 2011; Sulbaran et al. 2013) . Each myosin molecule has a blocked head that is bound firmly to the core of the thick filament and has no interaction with actin, while the "swaying" head can extend away from the thick filament and interact with actin. It is possible that a similar structural configuration occurs in vertebrate skeletal muscle with strong actin bonds made by the swaying head cooperatively activating the whole thick filament (Brito et al. 2011; Sulbaran et al. 2013) .
In the relaxed fibre, approximately 50 % of the myosin heads exist in the SRX state (Stewart et al. 2010 ). This proportion is adjusted for the level of non-specific binding determined by the co-incubation of 250 μM MANT-ATP with increasing ATP concentrations. ATP competes with MANTATP within the fibre where the fluorescence intensity falls rapidly within the first mM of ATP but begins to plateau thereafter. This enabled the proportion of fluorescence from MANT-ATP bound non-specifically to be calculated, which was found to be 41 % in rabbit skeletal muscle (Stewart et al. 2010 ).
Discovery of the SRX state in the heart
The SRX lifetime in cardiac muscle is considerably shorter than in skeletal muscle, with a single ATP hydrolysed approximately every 145 s per myosin head (Hooijman et al. 2011) . This slow phase is present in fibres that were initially relaxed, but not in the rigor state (Hooijman et al. 2011 ). Cardiac The change in fluorescence intensity has two phases, a fast phase over the first 30 s and a slow phase over the next~600 s. This second phase is credited to the slow release of nucleotides from the fraction of myosin heads in the super-relaxed state. Reproduced with permission from Cooke (2011) muscle in rigor-ADP, measured by initial incubation with MANT-ADP and chased with ADP, reduces the slow decay to 9 % of the total fluorescence. This indicates a largely absent SRX state (Fig. 4b , open triangles). The SRX state was similarly eliminated when ADP was chased with MANT-ATP (Hooijman et al. 2011) . Thus, myosin in the strongly bound state rapidly exchanges bound ADP for MANT-ATP, thereby inducing relaxation of the fibre.
Difference between cardiac and skeletal SRX Intriguingly, unlike in skeletal fibres, the proportion of SRX was not fully abolished in cardiac fibres upon activation (Hooijman et al. 2011) . When ADP was used to chase MANT-ATP in skeletal muscle, myosin binds strongly to actin, thereby eliminating the SRX state (Fig. 4a) . However, when this experiment was performed in cardiac muscle, the slow phase was still observed, albeit in a slightly lower proportion than the ATP chase (Fig. 4b) . This difference in myosin SRX between skeletal and cardiac muscle may be due to their different physiological functions. It is possible that cooperative activation of the myosin heads in skeletal muscle, as discussed above, is reduced in cardiac myosin. Hooijman et al. (2011) found that cooperative activation of myosin heads from the SRX was largely absent in cardiac muscle. These fibres were incubated with MANT-ATP and then chased with a partial activating solution (4 mM ATP, pCa=5.7). Cardiac muscle fibres under these conditions achieved 50 % activation in 4 s. Given the speed of this Hooijman et al. (2011) activation, it cannot be attributed to the SRX. The proportion of myosin in the SRX state was similar in cardiac muscle fibres regardless of whether it was fully relaxed or partially activated (Fig. 4d) . However, its lifetime upon activation increased by more than 35 % (Hooijman et al. 2011) . In comparison to relaxed skeletal muscle fibres, partial activation reduced the P2 by 18 % and T2 by~80 % (Fig. 4c) . Therefore, the cooperative interaction between adjacent myosin heads is present in skeletal but not cardiac thick filaments (Hooijman et al. 2011; Stewart et al. 2010) .
Cardiac and skeletal muscles serve unique functions. Cardiac muscle must contract and relax consistently without fatigue, while skeletal muscle exists in a mostly relaxed state and generates force instantaneously. It therefore follows that skeletal muscle exhibits cooperative behaviour between myosin heads that facilitates rapid force generation. In contrast, cardiac muscle is not fully activated under physiological conditions, even during systole (Kobirumaki-Shimozawa et al. 2014) . Thus, it would be energetically detrimental to recruit more myosin heads than required from the SRX state with each heartbeat. We postulate that the SRX state provides a means of modulating cardiac contractility in response to factors such as stress, changes to pre-load and peripheral pressures.
SRX and the Frank-Starling mechanism
Cardiac SRX state may play a role in the Frank-Starling mechanism by which end-diastolic volume determines cardiac output. The stroke volume increases as a result of myofilament stretch due to increased ventricular filling and venous return (Allen and Kentish 1985) . In the stretched myofilament, thin filament calcium sensitivity is enhanced and interfilament lattice spacing is reduced to maintain this length-tension relationship (Kobirumaki-Shimozawa et al. 2014 ). This decreased lattice spacing would increase the probability of disordered myosin binding actin, while the increased calcium sensitivity would facilitate their transition into a strongly bound state. This strong binding may then cause a distortion of the thick filament resulting in the release of SRX myosin from the thick filament through the hypothetical mechanism suggested by Moss and Fitzsimons (2010) .
It is believed that the giant myofibrillar protein titin decreases the interfilament lattice spacing at long sarcomere lengths and may also destabilise the thick filament generating more force producing myosins (Fukuda et al. 2001) . At longer sarcomere lengths, where the ordering of the thick filament can be destabilised, myosin heads may shift from the SRX state into the disordered relaxed state. Here, they could bind more readily to actin due to both decreased interfilament spacing and increased Ca 2+ sensitivity of the thin filament, resulting in an increase in force production. It would therefore be interesting to examine the length dependency of the SRX state in activated fibres at different sarcomere lengths.
SRX in the failing heart
SRX state may be involved in heart disease, particularly in hypertrophic cardiomyopathy (HCM). HCM is commonly associated with increased energy cost of tension generation through inefficient or excessive ATP usage (Ashrafian et al. 2003) . This may come about by shifting myosin heads out of the energy-conserving SRX state into the disordered relaxed or active states, where ATP usage is greatly increased.
High incidences of HCM-related mutations occur in myosin. A number of these mutations appear close to the junction of myosin S2 rod and the "interacting heads" motif (discussed in detail below). One of these mutations occur in an area of the "free" myosin head termed the cardiomyopathy loop, while others occur in the region of the S2 rod with which this loop interacts (Alamo et al. 2008) . Moore et al. (2012) suggest mutations near this interface may destabilise the ordered structure of the thick filaments thereby reducing the proportion of SRX and increasing the ATP utilisation leading to HCM.
Preserving the SRX state may be cardioprotective during stress, such as in early ischaemia or hypoxia (Hooijman et al. 2011) , which enables the heart to reduce its energy usage and metabolic demands. This mechanism, known as myocardial hibernation, may result from an increased proportion of myosin in the SRX state. As discussed below, modulating the SRX state may also be useful in organ preservation for heart transplants (Hooijman et al. 2011 ).
Ultrastructure of the SRX state
Electron microscopy of tarantula thick filaments provided the first visualisation of intact myosin heads bound to the thick filament core (Crowther et al. 1985) . The subsequent use of cryo-EM and improved image processing has shown that both myosin heads are bent "backwards" (Fig. 1) (Craig and Woodhead 2006; Woodhead et al. 2005) . These heads anchor onto the thick filament surface via their interaction with the helical rod-like region of myosin (Woodhead et al. 2005 ). This binding of myosin heads to the core of the tarantula thick filament is consistent with the discovery of SRX myosin in the skeletal muscle of the tarantula (Naber et al. 2011b) .
Multiple intra-molecular interactions were also found between the two heads of a single myosin molecule, forming a Jlike structure termed the "interacting-heads motif" (Fig. 1b) . These occur between the two heads and also between the essential and regulatory light chains (RLCs) (Alamo et al. 2008; Woodhead et al. 2005) . Similar "interacting-heads motifs" have been observed in 3D reconstructions of vertebrate cardiac thick filaments from mice, fish and humans (ALKhayat et al. 2013; Gonzalez-Sola et al. 2014; Zoghbi et al. 2008) . In this motif, the converter domain of the "free" head interacts with the actin-binding domain of the "blocked" head switching both heads off. Not only does this prevent the "blocked" head from binding to actin, it also inhibits the ATPase activity of the "free" head (Fig. 1) .
Intermolecular interactions between adjacent myosin dimers have been shown in tarantula thick filaments (see Fig. 1 ). This interaction occurs between the essential light chain (ELC) of the "blocked" head of one myosin dimer and the "free" head of the adjacent dimer (Woodhead et al. 2005 ). This structural framework supports the cooperative activation hypothesis of myosin in skeletal muscle. The "free" head of one myosin may directly induce the "blocked" head of the adjacent molecule to leave the surface of the thick filament (Brito et al. 2011; Sulbaran et al. 2013) . The inhibition of ATP turnover seen in the SRX state is thought to result from the combination of these intra-and intermolecular interactions in addition to the binding of myosin heads to the thick filament (Cooke 2011) .
Potential regulators of the SRX state

Regulatory light chain and SRX
The RLC of myosin is a potential regulator of the SRX state. RLC is a small protein that, together with the ELC stabilises the neck region of myosin (Rayment et al. 1993) . Removal of these light chains decreases the sliding velocity of actin filaments in motility assays by more than 10-fold without affecting ATPase activity (Lowey et al. 1993) . This indicates that the light chains are essential for converting chemical energy into mechanical work.
RLC in human cardiac muscle is phosphorylated at Ser-15 by the Ca 2+ /calmodulin-dependent myosin light chain kinase (MLCK) (Scruggs et al. 2010) . The negative charge of the bound phosphate group repels the RLC causing the myosin head to move away from the thick filament core (Sweeney et al. 1994) , disordering this highly organised structure (Levine et al. 1996) . This repulsion is supported by electron micrographs and X-ray diffraction studies of tarantula thick filaments that show MLCK treatment disorders myosin heads in the relaxed state (Craig et al. 1987; Padron et al. 1991) . Thus, RLC phosphorylation reduces the proportion of myosin heads in the SRX state.
RLC phosphorylation of vertebrate cardiac muscle by MLCK shows a greater density of cross-bridges near the thin filament, indicating a higher level of thick filament disorganisation (Colson et al. 2010 ). This increases resting and maximal force, Ca 2+ -sensitivity, and the rate of force development in cardiac trabeculae. Thus, RLC phosphorylation may shift myosin heads from the SRX into the disorganised relaxed state. Those relaxed myosin heads allow for the formation of weak-binding cross-bridges. Moreover, the presence of Ca 2+ binds to and activates the thin filament regulatory proteins enabling the myosin heads to transition from the weak-to-strong actin binding state. Together, these mechanisms result in increased resting and active forces.
In permeabilised rat trabeculae exchanged with MLCK phosphorylated recombinant RLC enhances maximum power output and shortening velocity compared to dephosphorylated and native untreated trabeculae (Toepfer et al. 2013 ). The dephosphorylated trabeculae, and transgenic mice with nonphosphorylatable RLC, exhibited a 4-fold decrease in isometric force and reduced maximal power compared to RLC phosphorylated and native trabeculae (Scruggs et al. 2009; Toepfer et al. 2013 ). These transgenic mice also displayed systolic impairment with no change in end diastolic volume. Thus, RLC dephosphorylation may recruit myosin heads into the SRX state (Naber et al. 2011b; Stewart et al. 2010 ) that results in reduced force production.
In the tarantula, RLC phosphorylation disorders the helical structure of the thick filaments (Alamo et al. 2008; Craig et al. 1987 ) that thereby reduces the proportion of myosin in SRX (Naber et al. 2011b; Stewart et al. 2010) . This is further supported by the highly organised orientation of spinlabelled nucleotide EPR probes seen in tarantula myosin, which is lost upon phosphorylation (Naber et al. 2011a) .
The role of RLC phosphorylation in heart failure remains controversial. Toepfer et al. (2013) showed increased RLC phosphorylation in HCM hearts compared to donors. This is possibly due to the decrease of myosin heads in the SRX state that increases energy utilisation. This may contribute to the HCM phenotype described previously (Ashrafian et al. 2003) . On the other hand, certain HCM-associated mutations in RLC inhibit its capacity to phosphorylate (Szczesna et al. 2001) . Interestingly, RLC phosphorylation was also reduced in human dilated cardiomyopathy (DCM) compared to donors (van der Velden et al. 2003) . This condition commonly presents with systolic dysfunction in patients that ultimately requires orthotopic heart transplantation (Jefferies and Towbin 2010) . Presumably, drugs that reverse the RLC phosphorylation status by targeting the known phenotype of specific mutations would restore cardiac contractility by modulating the number of SRX and disordered myosins available for cross-bridge formation.
The role of myosin binding protein C Cardiac myosin-binding protein C (cMyBP-C) is a thick filament-associated protein that modulates cross-bridge formation and kinetics (Koretz 1979; McClellan et al. 2001) . It is localised in 7-9 transverse stripes across the A-bands (Craig and Offer 1976) and has multiple immunoglobulin-like (Ig) and fibronectin III-like domains (Gautel et al. 1995) . The MyBP-C C-terminus binds to the thick filament, and its Nterminus has the ability to interact with both the myosin head and the actin filament (Moos et al. 1978; Shaffer et al. 2009) . It is therefore a good candidate to regulate the SRX state.
cMyBP-C has four known serine residues that can be phosphorylated by a number of kinases (Barefield and Sadayappan 2010) . Mice trabeculae treated with protein kinase A (PKA) which mimics beta-adrenergic activation has been demonstrated to enhance contractility. PKA treatment releases myosin from its binding site on the thick filament backbone, enabling them to move closer to the actin filaments (Colson et al. 2008 (Colson et al. , 2010 . Moreover, while cMyBP-C mice had a larger radial displacement than wild-type mice, PKA phosphorylation of cMyBP-C knockout(KO) mice did not affect radial displacement of the myosin heads (Colson et al. 2007 (Colson et al. , 2008 . This was supported by studies that used mouse models with constitutively dephosphorylated or phosphorylated mimetic cMyBP-C (Colson et al. 2012) .
Electron micrographs of thick filaments from homozygous cMyBP-C KO mice display less order than wild-type mice, consistent with its role in thick filament stability (Kensler and Harris 2008) . Notably, these thick filaments have a reduced proportion of myosin heads in the "interacting heads" motif (Zoghbi et al. 2008 ). This shift of myosin heads away from the thick filament supports the notion that cMyBP-C may regulate the SRX (Fig. 2) .
Temperature
In skeletal muscle, temperature increases induce a higher proportion of myosin heads into the SRX state and elongates the lifetime of myosin ATP turnover (Stewart et al. 2010) . While this has not been reported in cardiac muscle, it may provide a novel method for preserving hearts for transplantation. Donor hearts, usually chilled prior to and during its transportation, are limited to approximately 4 h due to factors such as ATP depletion leading to rigor mortis (Stringham et al. 1992) . Thus, warmed explant hearts may induce higher portions of SRX myosin. This would conserve energy, and increase the time to rigor mortis, leading to a longer organ shelf life. Indeed, trials are underway that examine new strategies for warm transportation of donor hearts (Wagner 2011) . However, the activity of other enzymes increase at higher temperatures adding to the metabolic rate. Thus, the development of a solution that sequestered myosin heads into the SRX state at a lower temperature could be the most beneficial strategy.
SRX as a therapeutic target
A misbalance between the intake and usage of calories is a known contributor of obesity. Thus, modulating the proportion of myosin heads in the disordered relaxed and SRX state in skeletal muscle may be a potential therapeutic pathway to increase the body's energy consumption (for a detailed review, see Cooke 2011) . Likewise, the increase in energy consumption by skeletal myosin could improve insulin resistance in skeletal muscle. This may facilitate an increase in insulinmediated glucose uptake by the muscle, thus alleviating type two diabetes. Shifting 10 % of skeletal myosin in the SRX state into the relaxed state would result in a loss of 7 kg per year due to the global increase in skeletal myosin energy usage. One possibility is to develop pharmaceuticals that disrupt the "interacting-heads" motif. This decreases the proportion of heads in the SRX state and thus increases energy usage of the muscle. This would be particularly useful in the treatment of obesity and type two diabetes. This would be an ideal therapy for obese patients who may be unable to exercise; however, it may also be used in conjunction with exercise and healthy eating strategies for those who are more capable.
Presumably, modulating energetic output would also be of benefit to cardiovascular diseases. Coinciding with obesity, weight loss particularly around the gut region would reduce hypertensive strain on the heart (Poirier et al. 2006) . SRX may also directly benefit the heart in cases such as DCM in which systolic function is impaired (Jefferies and Towbin 2010) . Therapeutics with the ability to coax myosin out of SRX could invariably increase its contractility thereby maintaining cardiac output.
Numerous therapeutic small molecules have been reported; with at least two that target cardiac myosin, EMD 50733 and omecamtiv mecarbil (OM). EMD 50733 enhances contractility by activating myosin and may sensitise the thin filaments to calcium (Radke et al. 2014) . This small molecule binds close to the converter region of myosin, and its presence decreased the lifetime of ATP turnover in purified β-cardiac myosin from approximately one ATP every 30 s to one ATP every 20 s per myosin head. It is therefore possible that EMD 50733 could destabilise the "interacting-heads" motif of SRX myosin in order to increase ATP utilisation. Despite its capacity to enhance contractility, EMD 50733 lacks specificity to myosin, and behaves as a calcium sensitiser in the myofilament. Increased calcium sensitivity in the heart has the potential to induce arrhythmias (Kass and Solaro 2006) . Thus, compounds with more specificity than EMD 50733 are required.
Omecamtiv mecarbil (OM) is cardiac-specific myosin activator that has recently been undergoing clinical trials (Cleland et al. 2011) . It was discovered in the search for small molecules that directly increased cardiac contractility without sensitising the regulatory proteins to calcium (Malik et al. 2011) . This molecule also binds to the β-myosin heavy chain, close to the nucleotide binding site and the converter region. It speeds up the release of inorganic phosphate from the myosin heads, which is believed to increase the amount of myosin heads strongly bound to actin, thus increasing force production (Malik et al. 2011) . In motility assays, OM causes a large decrease in actin sliding velocity, despite its dramatic increase in force production and modest increase in power (Wang et al. 2014 ). This decreased sliding velocity is the suggested cause of the lower resting heart rate seen in both human and canine trials of this drug (Cleland et al. 2011; Shen et al. 2010) . Studies investigating the effect of OM on the SRX state of cardiac myosin may help to further understand the mechanical basis for this increased force production.
Summary
The existence of the SRX state of myosin provides new insights into the regulation of striated muscle contraction. Cardiac and skeletal SRX differ from each other (Hooijman et al. 2011; Stewart et al. 2010) , suggesting that there is a different function for these two muscle types. Here, we propose that phosphorylation of thick filament proteins may alter the cardiac SRX leading to a modulation of the contractility of the heart. We also suggest that SRX may be altered in some forms of heart disease, particularly the cardiomyopathies. Drugs that alter the SRX may alter the contractility of the heart and thus may provide a novel treatment for heart failure in the future, while targeting the skeletal SRX may provide treatment for obesity. It is possible that cardiac SRX is cardioprotective during times of stress such as during ischaemia and could provide a new method for organ preservation during heart transplant. 
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